Previous studies postulate the shallow subduction of an oceanic plateau-the conjugate Shatsky Rise-beneath the U.S. Cordillera during the time interval of conglomerate deposition. The distribution, timing, and dispersion directions of the far-traveled conglomerates are grossly consistent with vertical motions and surface tilting along the transport path of the oceanic plateau. An exact match of conglomerate timing differs from previously proposed models, but uncertainties in timing of deposits, and the lack of constraints on the shape and structure of the subducted plateau preclude our ability to further refi ne the comparison. Elsewise local tectonic activity, climate change, and sea-level fl uctuations fail to explain the observed spatiotemporal pattern. Hence, we suggest that these deposits record a transient mantle-derived tectonic effect traversing the Rocky Mountain region and demonstrate the utility of stratigraphy as a record of subtle tectonic events.
INTRODUCTION
Progradation of thin intervals of widespread, far-traveled fl uvial gravels into actively subsiding sedimentary basins is unusual in the stratigraphic record. During active tectonism, competition exists between increased sediment supply from uplifted source areas that promote gravel progradation and increased subsidence due to the fl exural isostatic response to loading by the growing mountain belt, which tends to trap gravel in the most proximal parts of the adjacent basin (Heller et al., 1988; Paola, 1988) . The trajectory of conglomeratic deposits in the stratigraphic record overall refl ects this interplay through time. In most cases, syntectonic conglomerates, at least in back-tilted basins (e.g., foreland basins and half grabens), are of limited areal extent and, beyond the deformation front, tend to thicken signifi cantly toward their tectonic source areas (e.g., Fig. 1A ). In contrast, the U.S. Cordillera includes several thin, far-traveled conglomerates (Heller et al., 2003) . These thin conglomerates are anomalous in that they were deposited over distances greater than 100 km beyond the deformation front and, as such, required fl ows that were deep enough and/ or slopes that were steep enough to achieve and maintain critical shear stress over large areas. As paleofl ow depths were typically not great in these units, Heller et al. (2003) inferred their presence to record regional crustal tilting possibly driven by dynamic mantle processes.
Here, we report on a newly recognized association of anomalously thin, yet far-traveled, conglomerate units that are restricted to the Southern Rocky Mountains in Utah, Colorado, and New Mexico. These units differ from the regionally extensive units previously reported in that they are not as far traveled, and, although penecontemporaneous, they were each independently derived from nearby ranges and are isolated from each other in separate basins of the Rocky Mountains. Given the distribution, timing, and fl ow directions of these separate units, we infer that together they record a transient tectonic uplift event that traversed this part of the U.S. Cordillera during latest Cretaceous through Paleocene time. As such, recognition of these types of features here and elsewhere may provide evidence of regional, but subtle, tectonics.
CONGLOMERATE DEPOSITS OF THE SOUTHERN ROCKIES
The Laramide orogeny generated basementcored domal uplifts, monoclines, and reverse faults in the Rocky Mountain area during Late Cretaceous through late Eocene time ( Fig. 2 ; Dickinson et al., 1988) . Following retreat of the Western Interior Seaway, nonmarine sedimentation took place in Laramide basins that were either closed or connected by fl uvial systems (Lillegraven and Ostresh, 1988) . In the Southern Rocky Mountains, each basin identifi ed in Figure 2 includes a single, widespread fl uvial conglomerate unit deposited during late Campanian to Paleocene time (Fig. 3) . These conglomerate units have been described in the literature, but their stratigraphic similarity and correlation have not been previously emphasized. Their key stratigraphic characteristics are summarized here.
The Canaan Peak Formation is found in the southern Table Cliff Plateau (a.k.a. northern Kaiparowits Plateau) and the east side of the Pine Valley Mountains in southwest Utah (Bowers, 1972; Goldstrand, 1992) . The unit is disconformably overlain and underlain by nonmarine deposits throughout this area (Fig. 3) consists of as much as 140 m of conglomerate, sandstone, and mudstone deposited by a coarse braided fl uvial system (Schmitt and Steidtmann, 1990) . Clasts in the Canaan Peak are up to cobble size and are dominated by quartzite but also include chert and volcanic clasts (Goldstrand, 1992) . There is an overall shift in paleocurrent direction from southeast-directed in fl uvial units of the Kaiparowits Formation (Roberts, 2007) to northeast-directed in the overlying Canaan Peak Formation (Goldstrand, 1994; Fig. 4) . Provenance and paleocurrent data suggest source areas to the west and southwest, including the nearby Sevier belt in south-central Nevada and southeastern California (Goldstrand, 1992 (Goldstrand, , 1994 Larsen et al., 2010) . Palynomorph data show the Canaan Peak Formation to be late Campanian (Bowers, 1972) to early Paleocene (Goldstrand, 1992) in age, but the older pollen has been interpreted to be reworked from underlying Kaiparowits Formation strata (Eaton, 1991) . If true, the age of deposition is more likely Maastrichtian to early Paleocene age (Goldstrand, 1994) . The Dark Canyon sequence of the Wasatch Formation is found within the Uinta Basin and exposed along the eastern Book Cliffs of eastcentral Utah. The unit sits disconformably above, and possibly disconformably below, nonmarine deposits (Fig. 3; Nichols and Ott, 1978; Fouch et al., 1983; Franczyk et al., 1990) . A locally thick kaolinizited paleosol exists beneath most of the Dark Canyon sequence (Franczyk et al., 1990) . Where exposed, the unit is composed of 13-60 m of pebble conglomerate and sandstone interpreted to be deposited by braided streams (Franczyk et al., 1991) . Gravel composition is primarily a subequal mix of chert and quartzite clasts (Mathers, 2009) . Paleofl ow directions in the underlying, fl uvial Tuscher Formation are toward the northeast (Lawton, 1986; Fig. 4) . Paleocurrent indicators in the Dark Canyon sequence are generally more northerly, ranging from northwest to northeast, with slight fi ning of grain size toward the east along the Book Cliffs (Franczyk and Pitman, 1987) . Paleocurrents and composition suggest source areas likely included Laramide uplifts both nearby and possibly throughout southeastern Utah and southwestern Colorado (Franczyk and Pitman, 1987; Mathers, 2009 suggest deposition began during late early Paleocene time and was fi nished prior to the late Paleocene (Franczyk et al., 1990) . However, we found some dark chert pebbles, similar in size and composition to those common in the Dark Canyon sequence, within the underlying kaolinizited Tuscher Formation in South Tuscher Canyon, north of Green River, Utah. Their presence suggests that gravel infl ux into the basin began late during the time of deposition of the Tuscher Formation, and so the length of hiatus represented by the disconformity between the units may have been substantially shorter than that shown in Figure 3 . A thin pebbly sandstone unit, the Ohio Creek Member of the Mesaverde Group, is found in the Piceance Basin at the top of the Williams Fork (a.k.a. Hunter Canyon) Formation (Late Cretaceous; Johnson and May, 1980) . The unit is up to 100 m thick and is mostly composed of sandstone with scattered conglomerate lenses of chert and quartzite pebbles and cobbles. The unit maintains its thickness across the basin (Fig. 1B; McDonald, 1972) but fi nes northward, over 80 km, into sandstone (Whited, 1987) . While previously interpreted to be conformable with underlying fl uvial units (Johnson and May, 1978) , recent age dating based on leaf, pollen, and vertebrate fossils (Gaskill and Godwin, 1963; Patterson et al., 2003; Burger, 2007) as well as local kaolinitized horizons May, 1978, 1980) suggest the contact is disconformable. Specifi cally, mammalian fossils in the Ohio Creek Member indicate a middle to late Paleocene (early Tiffanian) age (Burger, 2007) . Paleocurrent directions in the underlying fl uvial deposits of the Williams Fork Formation are toward the northeast (Cole and Cumella, 2005) . Paleocurrents in the Ohio Creek Member indicate a generally northward fl ow for these conglomerates (Whited, 1987) . The Ohio Creek Member has been interpreted to represent the fi rst fl uvial synorogenic deposits related to rising Laramide uplifts in eastern and southern Utah and the Sawatch Range in central Colorado (Whited, 1987) .
The Ojo Alamo Formation, a cobble conglomerate to pebbly sandstone fl uvial unit (Baltz, 1967; Klute, 1986) , is present in the San Juan Basin in southern Colorado and northern New Mexico. The unit ranges from 6 to 120 m thick, is found across most of the basin (Fig. 1C) , and lies disconformably above and below nonmarine deposits (Fig. 3) . The lower disconformity appears to become conformable toward the southeast across the basin (Fassett and Hinds, 1971; Klute, 1986) . Paleocurrents in the underlying fl uvial Kirtland Formation of Campanian age are dominantly toward the east (Cather, 2004) . In contrast, paleocurrents in the Ojo Alamo Formation indicate derivation from a source area to the northwest of the basin (Powell, , 1973 Lehman, 1985; Klute, 1986) . Pebbles are abundant within 85 km of the proximal basin, becoming gradually fi ner grained to the south-southeast (Klute, 1986) . Gravel composition is dominantly chert and other siliceous and volcanic material (Baltz et al., 1966; Klute, 1986) . The basal member of the unit has been dated by vertebrate fossils and a 40 Ar/ 39 Ar date of sanidine from an ash bed to be latest Cretaceous to possibly earliest Paleocene age (Fassett and Steiner, 1997; Fassett et al., 2011) .
The Arapahoe Conglomerate, the basal member of the Denver Formation, is a thin unit (ranging between 10 and 20 m) exposed along the eroded margins of the Denver Basin (Reichert, 1956; Raynolds, 2002; Raynolds and Johnson, 2003; Fig. 2) . The unit sits disconformably on nonmarine mudstones and sandstones (Raynolds, 2002) and is overlain by the main body of the Denver Formation. No published paleocurrent data are available from these units. Gravel in the Arapahoe Conglomerate is composed of chert, carbonate nodules, and granitic and gneissic clasts derived from the Front Range immediately to the west ( Fig. 2; Raynolds, 2002) . Age control from the lower the Denver Formation includes palynomorphs and vertebrate fossils of Maastrichtian and Paleocene age (Carpenter, 2002; Nichols and Fleming, 2002; Eberle, 2003) and magnetostratigraphy (Hicks et al., 2003 Ar dating of sanidine in lava fl ows and an ash layer found in the main body of the Denver Formation ranges from 65.7 Ma to ca. 63 Ma (Mutschler et al., 1987; Obradovich, 2002) .
Summary
In each of the basins discussed here, there exists a single, broad, but thin conglomerate 400 km or pebbly sandstone unit. These units were all deposited in river systems during late Campanian to Paleocene time. The conglomerates are separate, independent units derived from different source areas (Fig. 2) and are not part of a once-continuous gravel sheet. Conglomerate and pebbly sandstones are found over distances of more than 80 km down basin and rest disconformably upon nonmarine deposits with up to >8 m.y. of time missing. At least in one case, the Ojo Alamo Formation, the unit appears to become conformable with underlying deposits in the distal part of the basin (Fassett and Hinds, 1971; Klute, 1986) . As a rule, age control is limited. Most ages are constrained by biostratigraphy, sometimes based on a limited number of taxa, leading to some uncertainty. In addition, we note that fossil materials, especially pollen, can be highly susceptible to reworking (e.g., Eaton, 1991) , increasing the uncertainty of age assignments. Synchroneity of several of the units is possible. However, where ages are better constrained in the Piceance, San Juan, and Denver Basins, it seems that not all the units could have been deposited at the same time (Fig. 3) . Certainly, deposition took place within ~8 m.y. of each other. Beyond age uncertainties, there seems to be a slight younging trend toward the north.
Most of the conglomerate units record a reorganization of fl uvial dispersal directions. They show a change in paleofl ow direction between the conglomerate units and those found in the immediately underlying fl uvial units (Fig. 4) . The extent of change in dispersal directions over time decreases from west to east. Similar thin, far-traveled conglomerates are not found in Laramide basins to the north in Wyoming nor farther south in New Mexico around this time period (Fig. 4) . Instead, conglomerate units that locally coarsen and thicken toward Laramide faults are found in Wyoming (Keefer, 1961; Lillegraven et al., 2004) and in central and southern New Mexico (Clemons and Mack, 1988; Wilson et al., 1989; Seager and Mack, 2003) during this time.
SUBSIDENCE HISTORY
The timing of onset of the Laramide orogeny in the U.S. Rocky Mountains has been interpreted by a variety of means (e.g., Dickinson et al., 1988; Bird, 1998; DeCelles, 2004 ). To evaluate possible local tectonic control on gravel progradation, we are specifi cally interested in knowing the relative timing of nearby Laramide uplifts with respect to timing of progradation of the far-traveled conglomerate units. In order to develop this history, we analyzed the basin subsidence history in each of the basins that contain one of these gravel units. Flexural loading due to tectonic shortening and resultant range uplift should show up as an acceleration of subsidence rate in adjacent basins.
We used stratigraphic sections from each of the basins to complete a one-dimensional backstripped subsidence analysis (Table 1 ). The analysis, following the approach of Angevine et al. (1990) , includes a correction for sediment compaction, and an estimate of average water depth (assuming nonmarine units were deposited within 200 m of sea level), as well as removal of the local isostatic effects of sediment loading as deposits fi lled the basins. As such, the resulting plots (Fig. 5) depict the subsidence history of the top of the Dakota Formation (ca. 95 Ma) until 50 Ma (early Eocene) at locations in the studied basins shown in Figure 2 . Gaps in the curve result from signifi cant hiatuses represented by disconformities within the basins. While we do not know the vertical motion of the basins during these gaps, we do know that there was not much net subsidence, otherwise deposits above the disconformity would likely be of marine origin. However, it is possible that the basin fl oor was uplifted during these times, increasing their elevation above sea level (datum in these diagrams). Uncertainties in age of the conglomerate units are shown by dashed circles on Figure 5 , with subsidence during deposition shown with respect to the circle's midpoint. In all of the Southern Rocky Mountain basins, rapid subsidence began prior to deposition of the conglomerates. In most cases, rapid subsidence was coincident with the onset of nearby Laramide rock uplift as determined independently (Fig. 5) . We interpret the periods of rapid subsidence primarily as the fl exural result of nearby Laramide surface uplift. In every case, rapid subsidence decreased prior to deposition of the conglomerate unit.
DISCUSSION
Any interpretation of the cause of gravel progradation needs to account for (1) the limited number of Laramide basins that contain the anomalous deposits, (2) sediment supply that was derived from separate sources into these basins at about the same time, but apparently not synchronously, (3) limited subsidence allowing a thin but widespread gravel unit to be deposited, and (4) a change in depositional dispersal directions over time, suggesting crustal tilting ranging from down-toward-the-north to the southeast. Sea-level change, associated with the Late Cretaceous retreat of the Western Interior Seaway, likely did not play a part. These units did not prograde on the heels of shoreline retreat to the east and southeast starting in Maastrichtian time (Lillegraven and Ostresh, 1990) . Instead, they deposited anywhere from 1 m.y. to more than 5 m.y. after shoreline facies were last deposited (Fig. 3) .
Likewise, climate change by itself seems unlikely to have played a major role in gravel progradation. Global records of climate change show no short-lived events around the time of conglomerate deposition (Norris et al., 2001; Zachos et al., 2001; Sewall and Sloan, 2006; Fricke et al., 2010) . The area in which the anomalous conglomerates are found in the Rocky Mountains is quite limited, with no similar-looking units found farther north or south (Fig. 4) . Any climatic impact would need to have been limited to this very restricted region. Lastly, even over this limited area, the units apparently were not deposited at the same time. Together, the lack of synchroneity and relatively small area of impact argue against a purely climate-driven cause for gravel progradation.
Tectonics
Initial motion of individual structures of the Laramide orogeny was not synchronous everywhere. Subsidence analyses along with published histories of rock uplift, both shown in Figure 5 , show the interpreted timing of onset of the Laramide orogeny in ranges surrounding the basins containing the conglomerate units. These indicate that the widespread conglomerates were deposited well after initiation of nearby Laramide uplifts. Therefore, their deposition was not the result of development of new, nearby source areas. The conglomerates occur at the end of a period of slow net subsidence rate, represented by a disconformity. The disconformity may record a period of modest surface uplift and erosion in at least the proximal parts of the basins.
The limited age and areal distribution of fartraveled conglomerates in the Southern Rockies are diffi cult to reconcile with most aspects of regional tectonic history, save one-the possible collision and subduction of an oceanic plateau prior to, and during, the Laramide orogeny. The Shatsky Rise in the north Pacifi c basin has been proposed to have a conjugate feature that contacted and then subducted beneath the southwestern United States starting in Late Cretaceous time (Fig. 6; Saleeby, 2003) . The hypothesized existence of a conjugate Shatsky Rise primarily derives from plate reconstructions suggesting the feature formed along the Pacifi c-Farallon-Izanagi triple junction in Late Jurassic time, possibly in response to hotspotridge interactions (Sager, 2005) . In a recent study, Liu et al. (2010) subduction complex materials at shallow levels beneath southern California (Saleeby, 2003) . Subsequently, the plateau migrated generally north-northeast, arriving beneath the Southern Rocky Mountains in latest Cretaceous time (Fig. 6 ). Negative buoyancy of the subducted plateau and enhanced plate coupling led to an increase in subsidence of the overlying plate as the feature passed beneath it (Liu et al., 2010) . Although the times of rapid subsidence shown on Figure 5 are here interpreted to refl ect the fl exural response to surface uplift of nearby Laramide ranges, it is possible that some of the observed rapid subsidence was generated by the dynamic effect of passage of the conjugate Shatsky Rise beneath this part of the Rocky Mountains (Jones et al., 2011) . Indeed, Liu et al. (2010) suggested that the underfl ow of the oceanic plateau generated the stresses responsible for initiation of Laramide deformation.
As the plateau migrated past, the overlying surface rebounded in its wake. The resultant wave of uplift followed on the heels of the previous subsidence event caused by plateau underfl ow moving across the Southern Rocky Mountain region between ac. 80 and 60 Ma (Fig. 6 ). The direction of tilt was away from the locus of maximum rebound. Along the direction of plateau subduction, tilt was to the northnortheast, from the zone of maximum rebound toward the zone of maximum subsidence. In this direction, the magnitude of surface uplift predicted from convection modeling is several hundred meters, generating surface tilts with slopes of 10 −3 to 10 −4 (Liu et al., 2010) . The wavelength of the tilted surface, as seen at any one time, was on the scale of 500 km (Liu et al., 2010) , which would have been more than enough to engulf the width of each of the basins containing the conglomerate units. The presence of the disconformity beneath the conglomerates demonstrates that the migrating tectonic wave of uplift was of suffi cient magnitude to fi rst lead to erosion, at least across the proximal parts of the basins. The observed change in fl ow directions of rivers that deposited the underlying units versus those that deposited the gravel units (Fig. 4) indicates that the migratory event resulted in wholesale changes in tilt direction across the region.
Rebound by itself would return the ground surface to its previous position. However, any changes in crustal thickness that took place during passage by the conjugate Shatsky Rise would return the ground surface to a new isostatic position. In this specifi c case, crustal thickness increased during passage due to a combination of deposition into the basin that formed prior to rebound (Jones et al., 2011) as well as the result of any Laramide shortening that took place (Liu et al., 2010) . As a consequence, rebound resulted in a ground surface that was, on average, higher than it had been prior to migration of the conjugate Shatsky Rise. Thus, tilt would be away from the zone of previous subsidence in the wake of the passing conjugate Shatsky Rise (Fig. 6) .
The timing of this wave of uplift is broadly consistent with the time of deposition of the conglomerate units across the Southern Rockies. Overall, the timing of conglomerate deposition becomes younger slightly from south to north (Figs. 2 and 3) , except in the Denver Basin, where available age dating suggests it is a bit older than would be expected by the model of Liu et al. (2010) . Most of the conglomerate units have a dispersal direction to the north to east, consistent with the propagation of the wave of uplift. However, the Ojo Alamo Formation in the San Juan Basin was dispersed to the southeast. This direction is consistent with defl ection off of the passing southeastern edge of the conjugate Shatsky Rise.
The apparent absence of far-traveled conglomerates in central and southern New Mexico is not surprising, as these areas were apparently far from of the subducted plateau. However, their apparent absence in Wyoming requires explanation. The trajectory of the plateau should have taken it beneath southern Wyoming by Paleocene time. The diminishing magnitude of vertical motions in this area is likely due to a combination of reduced coupling toward the continental interior as well as the refractory nature of the dehydrated mantle lithosphere beneath the Wyoming craton (Obrebski et al., 2011) .
We are aware that this model of predicted defl ection by plateau underfl ow has some apparent timing inconsistencies with some of the conglomerate units. The large uncertainties in most of the age controls conveniently alleviate most of these problems. In addition, there are many unknowns regarding the geometry, crustal thickness, and timing of changes in density structure due to eclogitization of the conjugate Shatsky Rise (Liu et al., 2010 (Liu et al., , 2011 . Depending on the specifi c confi guration of the plateau, there could be differences in timing and magnitude of surface uplift across the region that may explain the pattern of timing. Moreover, the age inconsistency of the Arapahoe Conglomerate, the primary mismatch in the age progression, may indicate it simply did not develop as part of the overall pattern described here. Nonetheless, we fi nd the general agreement between the independently determined trajectory of the proposed conjugate Shatsky Rise and the timing and distribution of widespread conglomerates in the central Rocky Mountains to be the most satisfying evidence that these events are associated.
CONCLUSIONS
Individual thin, far-traveled conglomerate units were deposited in basins of the Southern Rocky Mountains around latest Cretaceous to Paleocene time. These units are anomalous in stratigraphic occurrence when compared to syntectonic conglomerates observed elsewhere in these and other back-tilted basins. Stratigraphic and subsidence analyses in these basins indicate that the conglomerates deposited long after shorelines departed from the region and after the beginning of the Laramide orogeny. If their origins were due to climatic change, such an event would have had to be very local to this part of the Rocky Mountains yet diachronous across this limited area. Disconformities found beneath the conglomerate in the proximal parts of the basins are consistent with gravel being depositing during and subsequent to a tilt event that migrated through the region. The approximate timing of these deposits, as well as their areal distribution, dispersal directions, and relationship to disconformities suggest their origin is most likely due to the passage of the subducted conjugate Shatsky Rise inferred by Liu et al. (2010) . As such, we suggest that the stratigraphic occurrence of these far-traveled conglomerates provides evidence of large-scale transient tectonic events affecting Earth's surface. More generally, judicious consideration of the stratigraphic record provides a means of evaluating geophysical models of Earth's past.
